During the course of our studies on the mechanism of action of the mutagen ethyl sulfate (Strauss and Okubo, 1960) we decided to test the effect of incubation in buffers of various composition after treatment with the mutagenic agent. It was found that incubation of treated cells in citrate had a lethal effect and it was decided to investigate the reason for this lethality. As a result of the investigations to be described below, we have concluded that treatment with ethyl sulfate leads to changes in the permeability of the treated cells which permit the ready removal of intracellular ions by chelating agents. The removal of these ions, particularly magnesium ion, leads to breakdown of the intracellular nucleic acid and to cell death.
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MATERIALS AND METHODS
Strains td-2, a tryptophan-requiring mutant of Escherichia coli strain K-12 (obtained from C. Yanofsky) and WP-2, a tryptophan-requiring mutant of E. coli strain B/r (obtained from E. Witkin) were used in these studies. Cultures were prepared as follows: a 24-hr slant of the organism was used to inoculate 50 or 100 ml of a mineral salts medium containing 40 g of DL-tryptophan per ml with 0.25% glutamic acid and 0.3% glucose, all brought to pH 7.2. The salts were those in the minimal medium C described by Roberts et al. (1955) . Cultures were incubated 22 to 24 hr with aeration, harvested by centrifugation, and then washed twice with 0.15 M saline. Cells were suspended in saline before use. Survival was measured by serial dilution in saline followed by plating 0.1-ml samples on petri dishes containing the growth medium hardened with 1.5% agar. The frequency of 1 Supported in part by grants RG-6171 and RG-7816 from the U. S. Public Health Service and by contract between Syracuse University and the U. S. Atomic Energy Commission. A portion of this work was done in the Department of Zoology, Syracuse University.
revertants from tryptophan requirement to nonrequirement was measured by plating 0.1 ml of an undiluted suspension on solidified growth medium with tryptophan omitted. The data are presented so that the average number of revertants per plate can be calculated from the revertant frequency and the viability.
In some experiments, cells were harvested from the incubation medium and resuspended in saline before plating, in others, especially for kinetic studies, plating was direct from the incubation medium on the assumption that the small volume of buffer would be sufficiently diluted by the agar medium to stop its action. Platings were in triplicate and, for survival, at different dilutions so that significant numbers of colonies could be counted on plates that were not too crowded.
The ethyl sulfate (diethyl sulfate) was obtained from Eastman Organic Chemicals and was purified by vacuum distillation before use. An ethanolic solution was made by adding 0.8 ml of ethyl sulfate to 4.2 ml of ethanol as previously described (Strauss and Okubo, 1960 The Carey recording spectrophotometer or the Beckman spectrophotometer was used for the measurement of the ultraviolet absorption of solutions. Readings were corrected for the optical density of the appropriate buffer or acid. The cold acid soluble fraction is that material extracted by ice cold 0.5 M perchloric acid (one 30-min extraction followed by one wash). The hot acid-soluble fraction consists of material insoluble in cold acid but extracted by two 30-min treatments with 0.5 M perchloric acid at 70 C as described by Holden (1958) . tration of material in these extracts is given by the optical density of the extract at 260 m,i. We identify the hot acid-soluble fraction as equivalent to the intracellular nucleic acid for the purposes of this paper.
RESULTS
Cells of WP-2 or of td-2 incubated in phosphate buffer with ethanol added for 20 min and then washed with saline were not killed by subsequent incubation in 0.1 M citrate buffer, pH 7.2. Cells treated with an ethanolic solution of ethyl sulfate died off exponentially on subsequent incubation of the harvested and saline washed cells in citrate (Fig. 1) (Table 3) . More material was present after incubation in citrate buffer than after incubation in phosphate buffer and even more was present in the medium in which ethyl sulfate-treated cells were incubated (Table 4) . We assume that this material is similar in origin and composition to the leakage factor described by DeLamater, Babcock, and Mazzanti (1959) who reported a 280:260 m,u ratio of 0.89 for their material. The material we found present in citrate buffer after incubation of ethyl sulfate-treated cells did not move on paper chromatography in a butanol-ammonia solvent but did move with acid butanol solvents.
The excretion of nucleotide and polynucleotide material on incubation of microbial cells in buffer has been reported by Holden (1958) and by Higuchi and Uemura (1959) . The Japanese workers showed that more material was excreted into citrate buffer than into any other of the variety tested and they demonstrated that EDTA mimicked the effect of citrate on the excretion. There was no killing of cells in their experiments just as there was no killing observed in our studies when untreated cells were incubated in citrate buffer. Holden (1958) showed that the excreted nucleotide material came exclusively from the ribonucleic acid (RNA) of the lactobacillus he studied. It is likely that the nucleotide-like material excreted into the medium in our case also arises by degradation of the preformed The ability of a number of mutagens to sensitize to citrate incubation has been tested (Table 6 ). Neither ultraviolet irradiation nor the alkylating agent ethyl methanesulfonate (Loveless, 1959) sensitized to citrate incubation even though both treatments resulted in the production of reversions. The ethyl methanesulfonate was not dissolved in ethanol since ethyl methanesulfonate dissolved in the buffer at the concentration used (0.05 M) within a short time after its addition. We assume that the difference between the two alkylating agents, ethyl sulfate and ethyl methanesulfonate, is due to the greater reactivity of the former. Ethyl sulfate hydrolyzes much more rapidly than does ethyl methanesulfonate (Loveless, 1959) and also reacts more rapidly with thiosulfate.
It was demonstrated above ( In order to permit comparison, the optical density of the material in the medium was multiplied by 40, the cold acid by 10, and the hot acid by 100. These factors correct for total volume of the sample and for anv dilutions.
therefore, surprised to find that the weak solution of MInCl2 used in the test of the ability of different mutagens to induce citrate sensitivity apparently did induce sensitivity but without the induction of reversions. Repetition of this experiment with water substituted for the weak MnCl2 solution indicated that it was the osmotic shock which had made the cells sensitive to citrate.
The addition of 0.5 ml of cells in 0.15 M saline to 40 ml of water followed by centrifugation and resuspension in saline resulted in sensitization of the cells to citrate. Cells added to water and then immediately centrifuged appeared to become more sensitive than cells allowed to remain in water for a longer period (Table 7) . Watersensitized cells lost nucleic acid when incubated in citrate (Table 5) and their viability dropped.
The water treatment did not induce reversions. Treatment with magnesium ion prevented loss of viability and breakdown of nucleic acid. The effect was obtained when 1 ml of cells in saline was added to 40 ml of water but not (in one experiment) when 2 ml of cells in saline were added. Cells of E. coli, centrifuged from a saline suspension, form a compact pellet which can be flooded without dispersing the pellet; cells centrifuged from a water suspension do not pack well and tend to pour off during decantation of the supernatant, presumably because of some change in the condition of the cell surface.
Incubation of ethyl sulfate-treated cells in a growth medium for 1 hr prior to citrate treatment "cured" them of their citrate sensitivity (Table 8) . Treatment in a liquid growth medium for 1 hr after citrate incubation also led to greater STRAUSS (Holden, 1958; Higuchi and Uemura, 1959) . It is also known that magnesium ions prevent the leakage of cell constituents resulting from infection of E. coli with bacteriophage T2 (Puck and Lee, 1954) .
We assume that treatment of E. coli with ethyl sulfate results in a change in permeability making the magnesium ion more easily available and more readily removed by extracellular chelating agents. For some reason, breakdown of nucleic acid follows the removal of magnesium; we suppose that nucleic acid breakdown is more extensive in treated than in untreated cells because more magnesium is removed from the treated cells due to the ethyl sulfate-induced change in permeability. We assume that this greater nucleic acid breakdown is sufficient to lead to death of the treated cells. Higuchi and Uemura (1959) found that treatments such as freezing and thawing which altered the permeability of the yeast cell also made the cells more susceptible to citrate incubation. Similarly, in our studies an osmotic or "water shock" increased the susceptibility of E. coli to citrate induced killing and nucleic acid breakdown.
We suppose that most of the ultraviolet absorbing material in the buffer after incubation is the result of elimination by intact cells. Even if the lysis of individual cells should contribute a part of this material, the data suggest that any cells which lyse are first depleted of intracellular nucleic acid. Incubation of untreated cells in citrate results in the appearance of large amounts of ultraviolet-absorbing material in the medium without any change in the viable cell count. This excretion, therefore, occurs without cell lysis. It is simplest to assume that the excretion by treated cells is a more extreme example of the same phenomenon. The fact that excretion of material into the buffer was accompanied by an increase in the cold acid-soluble fraction of the ethyl sulfate-treated cells indicated that the cells still retained certain materials, i.e., that they had not ruptured. There were no obvious changes in the turbidity of the treated and incubated suspensions even though there was a 10-fold change in viability. No evident differences were apparent under oil immersion when methylene blue-stained, treated or untreated, preparations were observed.
However, a simple calculation indicates that we might not have been able to detect cell lysis by direct cell count even if such lysis were the cause of the increased amount of material in the buffer. In one experiment ( 
STRAUSS
The problem of the origin of materials present in the suspending medium is similar to that discussed by Puck and Lee (1954) . These workers showed that leakage of material from E. coli after bacteriophage infection was a property of all the infected cells and did not represent lysis of individual cells.
The effect of ethyl sulfate on permeability is not related to its mutagenic action. Osmotic shock is not mutagenic but it does seem to produce the change in accessibility of magnesium leading to citrate sensitivity. Ultraviolet irradiation and treatment with the slower reacting alkylating agent, ethyl methanesulfonate, are mutagenic but neither treatment results in sensitization to citrate incubation.
Our results are similar to those reported by Morpurgo and Sermonti (1959) . These workers found that conidia of Penicillium, inactivated by the mutagenic alkylating agent, nitrogen mustard, were reactivated by the addition of MnCl2 to the plating medium. Magnesium ion was also effective but calcium and zinc ions were ineffective. Ultraviolet-irradiated cultures were not reactivated by MnCl2. The authors suggest that the processes (of ion reactivation) occur at a cytoplasmic site. It seems quite possible that the ethyl sulfate effect reported here and the process studied by Morpurgo and Sermonti (1959) may be similar. A change in permeability may be a common effect of treatment with the more reactive alkylating agents.
Treatment of E. coli with ethyl sulfate can lead to a breakdown of intracellular nucleic acid but, as indicated above, the mechanism of the breakdown is indirect. We have no idea why ethyl sulfate treatment should change permeability. Since ethyl sulfate is a reactive alkylating agent, the possibilities are so numerous that they discourage speculation.
The data presented are unsatisfactory in that they do not indicate any clear relationship between the nucleic acid breakdown induced by citrate treatment and mutation frequency. We do not know whether we are dealing with unknown variables, statistical fluctuations, or selection effects. Nonetheless, the breakdown of nucleic acid, induced by citrate and speeded up by osmotic shock or by ethyl sulfate treatment, may prove useful in the study of the role of ribonucleic acid in the mutation process.
SUMIIARY
Cells of Escherichia coli, treated with the alkylating agent, ethyl sulfate, die off more rapidly after treatment when incubated in citrate buffer than do untreated cells or treated cells incubated in saline or phosphate. Cell death is accompanied by an excretion of ultravioletabsorbing material into the medium and by a decrease in the intracellular nucleic acid. Both killing and exeretion are prevented by the addition of magnesium ion to the incubation medium. This effect of ethyl sulfate is independent of its mutagenic action and is mimicked by an osmotic shock.
